A major goal of structural genomics is the provision of a structural template for a large fraction of protein domains. The magnitude of this task depends on the number and nature of protein sequence families. With a large number of bacterial genomes now fully sequenced, it is possible to obtain improved estimates of the number and diversity of families in that kingdom. We have used an automated clustering procedure to group all sequences in a set of genomes into protein families. Benchmarking shows the clustering method is sensitive at detecting remote family members, and has a low level of false positives. This comprehensive protein family set has been used to address the following questions. (1) What is the structure coverage for currently known families? (2) How will the number of known apparent families grow as more genomes are sequenced? (3) What is a practical strategy for maximizing structure coverage in future? Our study indicates that approximately 20% of known families with three or more members currently have a representative structure. The study indicates also that the number of apparent protein families will be considerably larger than previously thought: We estimate that, by the criteria of this work, there will be about 250,000 protein families when 1000 microbial genomes have been sequenced. However, the vast majority of these families will be small, and it will be possible to obtain structural templates for 70-80% of protein domains with an achievable number of representative structures, by systematically sampling the larger families.
Introduction
The ultimate goal of structural genomics is to provide structures for all biological proteins. Although there have been enormous improvements in experimental methods for determining structure, 1 these still lag behind sequencing methods by orders of magnitude, in both cost and speed. As a result, currently, only about 1% of proteins with known sequence also have an experimentally known structure. Fortunately, it is not essential to experimentally determine the structure of every protein; evolutionarily related proteins have similar structures, 2, 3 and so comparative modeling methods can be used to obtain a structure for any protein with a detectable evolutionary relationship to one with an experimental structure. This strategy has been widely accepted. [3] [4] [5] [6] [7] [8] The accuracy of comparative models depends on the closeness of the evolutionary relationships they are based on, 9 and is never as high as that of a high-quality X-ray structure. Nevertheless, these models are useful for many practical applications. 10 The minimum number of experimental structures that will be needed in order to model all proteins using evolutionary relationships depends on the nature of protein sequence space. In particular, this number depends on how many families of evolutionarily associable proteins there are. The recent increase in fully sequenced genomes has made it possible to estimate this quantity more reliably than in the past. Here, we make use of knowledge of the full sequences for a set of 67 bacteria to obtain such an estimate.
No sequence-based method is able to detect all evolutionary relationships: experimental structure determinations reveal previously undetectable relationships in many cases. Thus, all 0022-2836/$ -see front matter q 2005 Elsevier Ltd. All rights reserved.
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E-mail address of the corresponding author: jmoult@tunc.org sequence-based families are, in some sense, arbitrary, reflecting the effectiveness of current relationship detection algorithms rather than the number of independent evolutionary lines. From a structural genomics perspective, current methods are sufficiently powerful that they already represent very coarse-grained sampling of structure space, so that models based on one experimental structure per family are probably at the limit of useful accuracy. 11 A single family will also often embrace a number of functions. 12 Clustering of proteins into families has long been used as a basis for extending function annotation, and so there is a history of algorithm development. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Many of the family sets have been developed for specific purposes, and there is so far no universally accepted comprehensive source. For example, Pfam A, 24 one of the best established sets, uses sensitive methods to detect remote evolutionary relationships, and is curated by hand, providing a high level of reliability. As a consequence, coverage is incomplete.
We have developed an automated family classification scheme, applicable to estimation of the number of experimental structures that will be needed for structural genomics. There are three main steps: identification of evolutionary relationships; parsing of the full proteins into probable structural domains; and clustering into families. Conventional PSI-BLAST searches are used to detect sequence relationships within a set of 67 fully sequenced bacterial genomes. Lists of relationships are sub-divided on the basis of a protein domain identification method. Lists are then merged into families with a multi-linkage clustering procedure. Although a relatively standard sequence search method is used, benchmarking with SCOP structural superfamilies 25, 26 shows a slightly higher sensitivity than previously reported methods including profile and profile-profile methods †. [27] [28] [29] We attribute this to the robust clustering step and reasonably effective parsing into domains.
There have been a number of studies of the number of protein families in biology. Estimates vary from 1000 to 30,000. 4, 7, 8, [30] [31] [32] [33] [34] [35] [36] As more genome sequences are completed, it becomes possible to improve the reliability of the estimate. Our study, focusing on recently available complete genome sequences, leads to an estimate for the prokaryotes that is substantially higher than previous ones: Clustering 178,310 sequences from 67 microbial genomes already generates 31,874 families. A recent study of five fully sequenced eukaryotic genomes has also led to a much larger number than previously suggested, 45,000 protein families. 37 A more relevant quantity for structural genomics is the number of detectable families there will be in future. We have developed a method of estimating growth in the number of families, and find there will be about 250,000 families when 1000 genomes are sequenced. Apparent singletons (proteins with no detectable relatives) 38 are the fastest growing category.
At first glance, these increased estimates are discouraging for the structural genomics goal of obtaining structures for all domains. However, because most sequences are in relatively large families, we estimate that it will still be possible to have coverage for 70%w80% of domains within the next decade.
Procedures Protein sequences
All identified protein sequences in 140 genomes were retrieved from Genbank ‡. Of these, 67 were used for building the family estimate model, and the rest were reserved for testing the projections of the model. All downloaded and generated information were stored in a MySQL relational database running on a Linux server (Tables 1 and 2 ).
Generation of homolog lists
For each protein, a six-round PSI-BLAST search was performed against the set of all other sequences in the genome set. 39, 40 Low-complexity regions were omitted, using the default SEG option, 41 covering 5.9% of the residues. Homologs with an E-value 10 K4 or lower to the search sequence were collected, creating a homolog list for each protein.
Domain parsing
Each homolog list was examined for domain structures, as described below. A number of domain parsing methods have been developed. 16, 21, 42 In the present work, domain boundaries are identified on the basis of the location of indels in the PSI-BLAST sequence alignment. Indel locations are found by counting the number of sequences with an amino acid at each position in the alignment. Figure 1 shows an example. Domain boundaries are defined as positions in the multiple alignment where there are relatively deep minima in the number of sequences with residues. The detailed procedure is as follows. In all, the 140 genomes code for 405,709 proteins.
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(trough height more than 60% of the peaks on either side). (5) Divide the proteins in the homolog list into domains by cutting at each remaining trough point, to create homolog domain lists.
As described later, comparison of the results of this procedure with a set of PfamA domains in 50,000 randomly chosen Pfam sequences shows it is very conservative: 96% of single domain PfamA proteins are predicted as such, but only 24% of PfamA two domains proteins are predicted correctly. Other domain parsers adopt a different balance of false positives and false negatives. 43 While this and other parsers are far from satisfactory, domain parsing does improve the quality of the families.
Merging of domain lists
Domain lists are highly redundant, in that many domains appear in multiple lists. A key step is merging of the lists to form non-redundant, domain-based protein families. Merging also increases the range of evolutionary relationships that are clustered: A PSI-BLAST search starting from protein A may find a relative B, but not relative C. On the other hand, PSI-BLAST started from protein B may have found relative C, but not relative A. Merging of the A and B hit lists places A, B and C in one family.
The simplest clustering procedure is to iteratively merge all pairs of lists that contain at least one common domain, and then eliminate redundancies from the merged sets. Notoriously, this single linkage procedure leads to over-clustering, even when the false positive rate for inclusion of a domain in a single list is small. A number of strategies have been suggested for overcoming this problem. 22, 44 We have developed a variable linkage procedure. Short domain lists are merged on the basis of a single common entry. The longer the lists, the more common entries are required.
Merging proceeds by selecting a first list, comparing it to all others, combining where the merge rules are satisfied, then picking a next so far unconsidered list, and so on, until all lists have been considered. The process is repeated a maximum of three times.
Further domain boundary checking
Incomplete domain parsing can occasionally lead to the merging of proteins that have no significant alignment. This is illustrated in Figure 2 . An unparsed, two domain protein (b) in list I has a region of alignment with protein (c) in a second list, II. Sequence (c) shares no significant relationship with the primary domain in list I, but will be merged into that list. To reduce this effect, each candidate sequence in list II is checked for alignment overlap with the first sequence in list I. List II entries with an overlap of less than 40 residues are not merged.
Selection of parameter values
Results are dependent on a number of parameters. The parameters were optimized by building a set of families for proteins with domains in PfamA, varying parameter values to maximize the agreement between the generated and Pfam families, as others have done. 45 A set of 50,000 full-length SwissProt protein sequences including all the domains present in a 721 family subset of PfamA version 9.0 was used. Use of full-length protein sequences allows the domain parsing procedures to be tested.
Each generated family was compared with all the PfamA families, and the most similar one (most common sequences) was considered the best match. Two measures are used to assess the quality of the built families:
where P is the Pfam family size, M is the generated family size, and O is the common sequences between the two. F N is the false negative rate for a generated family; the fraction of correct domains omitted. F P is the false positive rate for a family; the fraction of incorrect domains included.
These ratios were determined for a range of PSI-BLAST conditions, with and without domain checks, and with different linkage rules, in order to optimize the procedure. Details are given in Results.
The final choice of parameters was up to six rounds of PSI-BLAST with an E-score threshold of 10 K4 , and a maximum of three rounds of merging. Lists are merged into a family using the following merging rules:
(1) For lists with four or fewer members: at least one common entry required for merging. (2) For lists with five to ten members: at least two common entries. (3) For lists with more than ten members: at least 40% common entries.
Evaluation of domain family construction
Effectiveness of the family building procedure was assessed in terms of its ability to pair all members of SCOP superfamilies, and not to pair domains in different folds. (Note that effectiveness could not be evaluated against Pfam, since the method was tuned on that basis. SCOP † is a hierarchical organization of proteins based on evolutionary and structural relationships. 25, 26 Since structural similarity provides a much more sensitive test of evolutionary relationships between proteins than does sequence, SCOP has been widely used as a benchmark for evaluating sequence alignment, clustering, and evolutionary relationship detection methods. 44, 46 We have used SCOP40 (no sequence relationships higher than 40% identity) version 1.63, which contains 5226 domains, 1224 superfamilies, and 760 folds.
The 5226 domains were clustered into families, as described above: PSI-BLAST was run for each domain against the NR sequence database, augmented with the SCOP domain sequences. No domain parsing was performed, as SCOP is already domain-based. PSI-BLAST-generated homolog lists were merged using the linkage rules, to form a set of generated families.
The set of generated families was compared with the SCOP superfamilies in terms of all the possible pairwise relationships between domains. Any pair of domains found both in a generated family and a SCOP superfamily is considered a true positive. A pair of domains presented in a generated family set, but not assigned the same SCOP fold is considered a false positive, as it is unlikely to represent a homology relationship. SCOP40 version 1.63 was used, with 50,374 pairs of domains within the same superfamily, and more than 600,000 pairs of domains with each member in a different fold. True positives detected as a function of the false positives incurred were plotted in a ROC curve. A 1% false positive to true positive ratio was chosen as an overall measure of quality, as used by others. [47] [48] [49] [50] For comparison, several other alignment and family clustering methods were also tested using the same set of SCOP domains. These are BLAST, PSIBLAST, SAM-T99 (HMM) ‡, 51 and PRC (a profile to profile method) §. Software was downloaded from the authors' web sites.
Programs and parameters used for SAM-99 were:
( 
Structure coverage determination
Domain families with known structures were identified as follows. A sequence profile (position specific scoring matrix, PSSM) was obtained from the multiple sequence alignment of a protein family, using blastpgp. 39 Each protein sequence in the Protein Data Bank (June 15, 2003 release) was run against the set of family sequence profiles, using RPS-BLAST. 53 Any profile to sequence comparison with an E-value of 10 K2 or lower was considered to represent a family that could be modeled on the basis of the corresponding structural template. Such families were considered to be structurally covered.
Results

Protein family clustering
Domain-based protein family set
Following the clustering procedure described in Procedures, 178,310 sequences from 67 sequenced prokaryotic genomes were parsed to 249,574 domain sequences and then clustered into 31,874 sequence families. Figure 3(a) shows the distribution of family sizes. Small families predominate. There are 20,992 singletons (families with only one member), about two-thirds of the total, and 4810 doubletons (family size two). At the other end of the spectrum, there are only 263 families larger than 100.
From the point of view of structural genomics, this result is discouraging: even this small number of genomes would require over 30,000 experimental structure determinations in order to provide templates for complete modeling. However, consideration of the large fraction of proteins in the larger families leads to a different view. Figure 3(b) compares the number of families of size one, two and larger with the total number of domains those categories contain. Although about two-thirds of the families are singletons, they represent only 8% of the domains. Families of size three and larger contain 88% of the domains, and there are only just over 6000 of those. Thus, 88% structural coverage of these 67 genomes would be provided by about 6000 experimental structure determinations.
Optimization of protein family construction
As discussed in Procedures, parameters for protein family construction were optimized by comparison of generated families with those in PfamA. 24 Families were built for 50,000 full-length protein sequences covering 721 PfamA (release 9) families. The full sequences were clustered into new families, and each such family was best matched to a PfamA family. Each generated family was compared with the corresponding PfamA one using the false positive (F P ) and false negative (F N ) fractions. The smaller these values, the better the family building procedure. Table 3 shows the level of agreement between the generated and PfamA families as a function of the E-value threshold for accepting PSI-BLAST relationships. Families are obviously over-clustered with a cutoff of 10 K2 , judging by the high level of false positives (F P ). A threshold of 10 K4 produces many fewer false positives than 10 K2 and a lower number of false negatives than 10 K6 , so was chosen as the final value. (Final values of the other parameters were used for these tests.) Table 4 shows the agreement between the generated and PfamA families as a function of the linking procedure, domain parsing and checking, and the number of merging rounds. A maximum of six rounds of PSI-BLAST with an E-score threshold of 10 K4 was used. Three rounds of single linkage clustering with no domain processing dramatically over-clusters compared with PfamA, compressing the sequences into 285 families, as opposed to the ideal 721, with a false positive rate of 79%. Domain parsing increases the number of families to 427, at the expense of a minor increase in false negatives, from 6.9% to 8.0%. Domain checking produces a further minor improvement.
Introduction of the family size-dependent linkage scheme further improves agreement with PfamA. Three rounds of merging generate 785 families with a false positive rate of 17.9%. Merging for five rounds increases the false positive rate slightly to 19.7%.
On the basis of these tests, the final protocol adopted was six rounds of all against all PSI-BLAST using a 10 K4 threshold, followed by three rounds of hierarchical linkage. These conditions produce 785 families, of which 278 are identical with the corresponding PfamA families, with an average false positive rate of 17.9% and a false negative rate of 7.4%. PfamA families are assembled using sensitive sequence methods and are curated by hand to reduce false negatives, so that a good clustering method should have a low false negative rate, as seen here. The higher false positive rate may partly reflect the fact that Pfam does not cluster some real relationships. Domain parsing, domain checking, and hierarchical linkage all improve the quality of the generated families. On the basis of these results, a protocol of three rounds of hierarchical merging, with domain parsing and checking, was adopted.
Evaluation of the protein families
The final family building procedure was benchmarked against SCOP40 (a subset of SCOP containing no sequence identities greater than 40%) version 1.63. The SCOP set includes 5226 domain sequences grouped into 1226 superfamilies and 760 folds. As explained in Procedures, all pairwise detected relationships between proteins in the same superfamily were considered true positives, and all apparent relationships between proteins in different folds were considered false positives. Several other methods for detecting evolutionary relationships, BLAST, PSI-BLAST, SAM-T99 (a hidden Markov model method) 51 and PRC (a profile to profile method) were also evaluated.
The results are shown in Figure 4 . Overall, the new family building procedure delivers a higher fraction of true positives at a low false positive rate. At the commonly adopted threshold of 1% false positives/true positives, [47] [48] [49] [50] BLAST detects only 9% of true positives. PSI-BLAST doubles the level of detection to 18%. SAM-T99 and PRC both detect about 28% of true positives. Our method finds 32%, a modest but useful improvement. Note that at a higher false positive rate (above 5%, not shown in the Figure) , the profile-profile method performs the best. The results for BLAST, PSI-BLAST and SAM-T99 are very similar to those obtained by Park et al. 54 Their study showed that, using the PDBD40-J dataset (similar but smaller than SCOP40), BLAST is able to detect 14% of homologous relationships and the two profile methods, PSI-BLAST and SAM-T98, can detect 27% and 29%, respectively.
Structural genomics analysis
Structure coverage of current protein families
A long-term aim of structural genomics is to obtain an experimentally determined structure for at least one protein in every family. We now ask to what extent that is already the case for the set of 67 bacterial protein families. We consider only families with three or more members, and exclude The new method achieves a modest but useful improvement to 32%. Improved sensitivity is attributed to the hierarchical linkage procedure. Figure 5 . Fraction of the non-membrane protein families with three or more members for which there is at least one experimentally determined structure, as a function of family size (blue line). The purple line shows the coverage of all families that size and larger. Coverage is much larger for the larger families, approaching 80% for the biggest. The overall average coverage is 20%. membrane protein families, since this class of structure is not yet amenable to high-throughput experimental techniques. There are 4907 nonmembrane protein families with three or more members. Figure 5 shows the fraction of families with one or more known structures (the structure coverage). About 80% of families larger than 60 have a structural representative. Coverage drops with decreasing family size, to around 5% for families with only three members. Overall, 20% of all families size three or larger have one or more representative structures. A further 3926 structures would be required to complete the coverage.
Estimation of the number of families in a large number of genomes
The previous section provides an estimate of the number of structures needed to complete coverage of a set of already fully sequenced genomes. Of more interest in structural genomics is the number of structures that will be needed as a function of the number of sequenced genomes and, in particular, the limit of that quantity, i.e. the number of structures that will be needed to provide coverage of all protein families.
We have examined the increase in the number of detectable protein families as the number of fully sequenced genomes increases, using the following procedure. One of the 67 prokaryotic genomes is chosen at random, and the number of families it contains noted. A second genome is selected randomly, and the additional families present in that are added. This process is continued until all 67 have been selected. The whole procedure was repeated 100 times, and the average number of 
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families for each number of genomes calculated. The result is shown in Figure 6 (a). Total bar heights represent all families in the corresponding number of genomes. Subdivisions show the number of families in different size ranges, with smallest families lowest. The number of protein families is still growing rapidly up to inclusion of 67 genomes, and is far from saturation, though the rate of increase is slowing. Clearly there will eventually be many more than 30,000 detectable families. A log-log representation of these data (Figure 6(b) ) is close to linear, providing a basis for extrapolation to a larger number of genomes. Figure 6(c) shows the projected number of families up to a total of 1000 genomes, using that relationship. This model predicts a total of about 250,000 families at that point, a much higher estimate than any previous ones. There is of course a limit to how far this extrapolation can be made. At some point, as most newly sequenced genomes become phylogenetically close to known ones, the number of new families must begin to decrease more rapidly. Available data for up to 140 genomes show the model holding up remarkably well (see below).
The log of the number of apparent singletons also grows approximately linearly with the log of the number of genomes, with a reliability coefficient of 0.9993, and a slope of 0.704. The projected number of singletons out of 1000 genomes is shown in Figure 6 (d). For 1000 genomes, the estimate is 140,000 singletons.
The rapid growth of singletons in Figure 6 (a) and the prediction made in Figure 6 (d) clearly suggest their growth is also far from complete. This observation is contradictory to our earlier view that aggregation of homologs between genomes will lead to rapid disappearance of singletons. 8 It should be borne in mind that, because of the limited sensitivity of sequence methods for detecting relationships, the large number of families does not imply a similar magnitude of independent evolutionary lines.
To test the extrapolation model, we have extended the study to include 140 prokaryotic genomes (the 67 used for the extrapolation plus 73 new ones, see Procedures) and built families for this set using the same procedure. The 405,709 sequences in these genomes produce 54,234 families, of which 36,457 are apparent singletons. The extrapolation models predict 54,910 families and 35,807 singletons, within 1% and 2%, respectively, of the actual values.
Structural coverage for the 67 genome set
The previous analysis shows that it will not be possible to obtain complete structural coverage of protein family space in the near future. However, as noted earlier, a relatively small fraction of the families contain a large fraction of all the sequences. For the 67 genome analysis, 19% of the families are size three and larger, but contain 88% of the proteins. This suggests a strategy of obtaining representative structures for the largest families first. Figure 7 shows an exploration of this idea for the 67 genome set. We assume that a representative structure is first obtained for the largest family, then the next largest, and so on. The blue curve shows the result for all non-membrane protein families with three or more members. The purple curve shows the number of structures needed, taking into account the already available structures. Because of existing high coverage, very few additional ones will be needed for large families. Altogether, about 4000 structures are required to obtain complete coverage of all families with three or more members, covering 88% of the domains in these genomes. (As discussed earlier, about 20% of these Figure 7 . Cumulative number of experimental structures needed to obtain complete coverage of families size three and larger, starting with large families (right side of the plot). The blue curve is for all non-membrane protein families, and the purple curve is for the families with no current structural coverage. Very few additional structures are needed to complete coverage of large families: 1000 optimally selected ones would complete coverage of all non-membrane families larger than ten, including 80% of all the domains. About 4000 would be needed to provide one structure per family size three or larger, and would cover 88% of all the domains. (These numbers are for the set of 67 genomes analyzed in this work.) families already have representative structures.) A total of 1000 structures will complete coverage for all non-membrane families with more than ten members, covering 80% of the domains in these genomes.
Achievable structural coverage for 1000 genomes
We now examine how many structures will be needed to achieve a given level of protein coverage, as the number of fully sequenced genomes grows. For that purpose, an extrapolation procedure similar to that described earlier was used. A genome was picked at random from the set of 67. The number of families was then calculated for that genome alone. The number of structures needed to obtain coverage of various fractions of all the proteins in that genome was calculated, assuming structures for the largest families are obtained first. Another genome was then selected randomly, and the number of structures needed to obtain various fractions of domain coverage for the two genomes was calculated, and so on, up to 65 genomes. The simulation was repeated 100 times, and the results averaged, to remove bias in genome order. Figure 8(a) shows the results. Here, 100% coverage implies models for all domains in all families, 90% coverage implies that 90% of the domains will have models, and so forth. The general trend is that the lower the domain coverage required, the slower the growth of the number of structures needed, as a function of the number of genomes. The growth rates for 80% and 90% coverage are already decreasing when 65 genomes are considered, and growth has almost ceased for 50% and 60% coverage. Figure 8(b) shows the estimates for up to 1000 genomes, based on log-linear models. At that stage, less than half of the number of structures are needed for 90% coverage as for 100%, and the growth rate for 70% or lower coverage is slow. Figure 8 (c) shows an expansion of the region below 80% coverage. Representative structures for about 8000 families will provide 70% coverage of all the domains in 1000 genomes. This is a reasonable expectation for the next decade, given the rate of accumulation of new experimental structures. Projection of the number of families with representative structures needed to obtain structural coverage of different fractions of protein domains, up to 1000 genomes. A total of 250,000 structures would be required to obtain 100% coverage of these families, but 90% coverage would be obtained for less than half of that number. (c) Expansion of (b) for coverage between 50% and 80%. For 1000 genomes, approximately 8000 structures are needed to provide 70% domain coverage, achievable in the next decade, considering the rate of accumulation of solved structures.
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Discussion
A principal goal of structure genomics is to obtain structures for a large fraction of naturally occurring proteins. This goal can be achieved by experimentally determining at least one structure for each protein family and building structure models for all other proteins, using comparative modeling methods. 55 The minimum number of experimental structures required for complete structural coverage of protein space is then equal to the number of apparent protein families. In a previous study, 8 we estimated this number by analyzing PfamA families, 24 and making a very simple extrapolation of likely future growth in the number of families.
In the present study, we have based the analysis on all families in a set of fully sequenced prokaryotic genomes, rather than the contents of PfamA. A major difference is the inclusion of all proteins, not just those in the larger families typically collected in PfamA. With this more realistic view of the protein universe, we find there are a very large number of such small families: for the set of 67 genomes analyzed, there are 25,802 families with only one or two members, out of a total of 31,874. Overall, there is an approximately power law relationship between the number of families and family size. In a comprehensive analysis of five eukaryotic genomes, Liu et al. also found a large number of small families, unique to that kingdom. 37 Use of complete genome sequence sets has also allowed us to use a more realistic extrapolation method, in order to estimate the future growth in the number of families, as the number of fully sequenced genomes grows. We find that when 1000 genomes are available, there will be about 250,000 detectable protein families. Further, the number of families will still be growing at that point.
The large number of families makes it clear that complete structural coverage of protein space will not be possible in the near future. Nevertheless, it will be possible to obtain structural models for a large fraction of proteins. This is because most proteins belong to large families; for the 67 sequenced genomes, 88% of the proteins fall into just 6072 families. Further, the extrapolation model shows that this trend will continue, so that, considering all sequences, 80% structural coverage of the proteins in 1000 genomes can be obtained with 25,000 structures, and 70% coverage with 8000. The primary conclusion from this work is that a strategy of obtaining structural representatives for the largest families first will lead to a large fraction of structural coverage of protein space within the next decade. This strategy will also lead to early structural coverage of the families that perform more universal biological functions, and will provide the most leverage of experimental effort, by creating models for the largest number of proteins from each experimental structure. We envisage that when structures for proteins in small families are needed, they will typically be obtained one at a time, using conventional structural biology, rather than high-throughput methods.
The number of apparent protein families depends on the effectiveness of each of the steps in building them. There are three keys steps in our procedure. The first step uses PSI-BLAST to search for relatives of each protein. Other methods, in particular welltuned hidden Markov models 51 and profile-profile methods, [27] [28] [29] are more sensitive for this purpose. 54, 27 At low false positive rates, the later merging step compensates for the relative insensitivity of PSI-BLAST. The second step of family building is parsing of proteins into domains. We have used a sequence profile-based approach, relying on the fact that the most insertions and deletions occur between domains. 16, 21 We apply the procedure very conservatively to minimize splitting within domains. As a consequence, this step has many false negatives; it does not split at many domain boundaries that are obvious at the structure level. Additional procedures might further improve our method: mapping known structural domains and PfamA domains onto the proteins. We have not done that, because the majority of these families have not been studied structurally, and many are not in PfamA, so that use of these signals may distort the choice of parameters for family building.
The third step in family building is merging lists of related domains and filtering out redundant entries, to create domain families. As noted earlier, over-merging is a well known problem in protein family building; a small number of incorrect entries in the initial lists of relatives can easily lead to substantial over-merging. To avoid this, we use a procedure that requires an increasing number of common entries as a function of alignment size.
The rules for merging and other steps were tuned by reconstructing a set of PfamA domains from the corresponding full-length sequences, and comparing the generated families with the PfamA ones. The final procedure was benchmarked by comparing pairwise relationships within a set of generated families with those in a set of SCOP superfamilies. While these testing methods are very useful, they are not ideal. PfamA is a sequencebased family set, and so omits a large number of evolutionary relationships (placing related proteins in different families). A more sensitive method may therefore appear to have an excessively large number of false positives, and consequently may be detuned to reduce these. PfamA also focuses on larger families, whereas the genome data are dominated by smaller families. As a result, a better method for PfamA may not necessarily be optimum on genome data, and performance may be different from that suggested by quality measures on PfamA. Similarly, SCOP contains only proteins with known structure, and these may be unrepresentative of proteins in genomes as a whole; for example, not including proteins with significant inherent disorder, and under-representing proteins that form part of complexes. Nevertheless, PfamA and SCOP are probably the best training and test sets available. As in most of computational biology, the lack of a gold standard for methods development and evaluation is an inherent limitation.
According to our and other benchmarking, at a 1% ratio of false positives versus true positives, only about 30% of the pairwise evolutionary relationships implied by structure can be recovered with present sequence comparison methods. A consequence is that families built with those methods do not approximate independent evolutionary lines. As more structures are available, the number of families will decrease very substantially, because of merging on the basis of structural similarity, rather than sequence. For the purposes of structural genomics, a single representative structure for very large families containing very remote relatives is not particularly desirable. As the remoteness of the relationship between proteins increases, the quality of a model built on the basis of a relative with an experimental structure decreases. In particular, a substantial fraction of residues (up to 50%) will have no equivalent in the modeling template. 56 Thus, although families generated from sequence relationships are suboptimal from an evolutionary standpoint, they are very suitable for structural genomics.
Contrary to our earlier expectation, 8 the number of apparent singletons and other small families will continue to increase. Siew & Fischer also found the number of singletons is steadily growing, though the percentage of singletons as a fraction of all sequences is decreasing. 38 Because of the limited sensitivity of sequence methods, it is not possible to judge the biological significance of this at present. Many singletons may, in fact, have unrelated folds, as one estimate of the total number of folds suggests. 57 Or, most may turn out to be members of larger superfamilies, too remotely related for sequence methods to detect. A larger set of experimental structures of small families will settle this issue.
This work assessed how many experimental structures will be needed to provide models of a given fraction of all naturally occurring domains, based on one representative structure per family. Under this strategy, the majority of structures will be domain models, based on a single experimental structure within a protein family. While such a structure set will revolutionize our view of proteins in many ways, it is only the first step in providing complete structural information for natural proteins. Many proteins are multi-domain, particularly in higher eukaryotes, 58, 59 and the function of a domain assembly is not always a simple combination of that in the constituent domains. 59 Generating reliable multi-domain structures will sometimes involve docking of domain models, requiring improvements in computational methods, or further experimental structures. Second, the relationships within families on which models will be based are often fairly distant, with levels of sequence identity well below 30%. Models based on such sequence relationships contain substantial errors, arising primarily from mistakes in aligning the sequence of interest with those of available templates, and because significant parts of the structures will differ from that of the templates. 11 Nevertheless, these low accuracy models will be adequate for establishing membership of a superfamily, and thus useful for a variety of purposes, including providing approximate molecular function information, guiding sitedirected mutagenesis experiments, and choosing likely antigenic peptides. Other uses, such as identification of ligand specificity 60 and interpretation of the effect of disease-related mutations, 61 require greater accuracy, possible only by modeling against a template with 30% or greater sequence identity. Comprehensive structural information at that level will require many more structures.
